The activity of the α-amylase enzyme incubated in aqueous solutions with a high concentration (80.2% w/v) of imidazolium ionic liquid, [C 4 C 1 im]Br, has been studied. Contrary to the complete deactivation hitherto reported in the literature, a way is found to preserve the enzyme, by adding the appropriate salt, so that the activity is saved for a long grace period. Different salts are studied and the concentration is optimized in view of the enzyme hydration. Due to the limited amount of free water available to the enzyme at higher salt concentrations, the activity decreases. The best results are obtained by adding potassium acetate, 0.200 mol dm . Some 90% of the activity is saved in a 2-week incubation, and a half activity remains in a month. Precipitates are observed in the samples of the solution without salt. No precipitation is noticed when acetate is present. Regardless of the fluorescence quenching, the activity is saved. The effect of the acetate on the α-amylase preservation is probably related to the ability of the acetate anion to interact with the imidazolium cation thus shielding the enzyme from being salted out and precipitated. Compared with potassium bromide, which does not interact with [C 4 C 1 im]Br, precipitation and fast inactivation are observed.
Introduction
Biotechnology currently trends towards the use of nonfood feedstocks instead of edible crops. The lignocellulosic residues derived from agricultural or forestry wastes have received constant attention in the recent years. Due to the recalcitrant nature of the lignocellulosic materials, nonconventional solvents based on ionic liquids (ILs) are exploited [1, 2] and various approaches have been developed for simultaneous pretreatment and enzymatic saccharification of biomass by cellulases in ILs [3, 4] . Fortunately, there are natural IL-tolerant cellulases that show good levels of stability in many ILs and based on this significant advancement in cellulase catalytic performance has been achieved by applying the tools of medium engineering [5] .
The progress, however, is far less remarkable regarding the other most abundant polysaccharide substrate, the starch, and the starch-converting enzymes, respectively. Starch dissolution, physico-chemical properties, and morphology in pure ILs or their concentrated aqueous solutions are intensively studied in the previous years [6] [7] [8] [9] [10] [11] ; however, the action of the starch-degrading enzymes in such media is ignored. The reason is that all studied ILs that dissolve starch are water-soluble and composed of imidazolium cation with short-chain substituents which tend to denaturate the amylolytic enzymes. The first study that reported about inactivation [12] concerns the catalytic behavior of two types of α-amylase enzyme (from Bacillus amyloliquefaciens and Bacillus licheniformis) in concentrated solutions of the water-miscible ILs, [C 4/6 C 1 im]Cl (up to 60% wt). Of late, some newly isolated α-amylases from natural [13] or recombinant species [14, 15] also showed deactivation in aqueous solutions of imidazolium halides, [C 2−6 C 1 im]Br/Cl, above 10% v/v. Therefore, high water contents are recommended when water-soluble ILs and α-amylase enzymes are employed together [16] .
The use of dilute aqueous solutions of ILs, however, is inconsistent with the sense of dissolving polysaccharides in ILs as the ability of the IL's anion to form H-bonds with the solute substantially weakens in the highly hydrated medium. The interactions of the IL's anion with water could suppress the solvent effect on starch and an optimal IL-to-water ratio is usually required to achieve the maximal solubility of the starch species [6, 9, 17] . Therefore, the catalytic activity of the starch-hydrolyzing enzymes should be relevantly improved in order to operate at high concentrations of ILs in aqueous solutions.
It has been very recently shown [18] that the α-amylase enzyme keeps about 75% of its activity in 50% (v/v) aqueous solution of the hydrophobic and polar IL,
The medium adjustment by adding the appropriate (acetate) ion has emerged as a key factor in recovering the amylolytic activity. Based on this finding, here, a concentrated aqueous solution of one of the most commonly used imidazolium halides, [C 4 C 1 im]Br, is employed to host the α-amylase enzyme and a long-term preservation of the amylolytic activity is manifested under small medium alteration. The substances required for the α-amylase activity assay (I 2 , KI, and starch) were of analytical grade purchased from Teocom (Sofia, Bulgaria).
Materials and methods

Materials
Preparation of the [C 4 C 1 im]Br/salt aqueous solutions containing α-amylase
In all solutions, the IL concentration was fixed at 3.660 mol dm −3 , which is ca. 80.2% w/v (61.7% v/v). The salt added varied by type and concentration, as it is described below. The [C 4 C 1 im]Br/salt aqueous solution was stirred for an hour at room temperature. After that, the same amount of the α-amylase enzyme was introduced in each IL/salt aqueous solution, so that the final protein concentration was 0.27125 g dm −3 . The solutions were stirred for 2 h prior to start of the analysis of the α-amylase activity, except for the shorter mixing of the solutions where a rapid deactivation was detected.
The pH values of all solutions were measured by a pH meter equipped with a pH combination electrode (Hanna Edge, ClujNapoca, Romania).
α-Amylase activity assay
The α-amylase activity assay was executed by the following steps. Aliquots of 0.050 cm 3 of the [C 4 C 1 im]Br/salt aqueous solutions containing the α-amylase enzyme were withdrawn during the course of incubation (noted on the kinetics' curves) and diluted 50-fold in 0.100 mol dm −3 NaAc. The diluted samples were stirred for at least 1 h.
The pH values of all samples were 7.26 ± 0.03, except for the diluted phosphate-systems, which were a little higher, 7.38 (Na 2 HPO 4 ) and 7.76 (K 2 HPO 4 ). That way the α-amylase was set at the optimal pH condition. The diluted samples were subjected to activity assay according to the procedure described by Pantschev et al. [19] and elsewhere [18, 20, 21] . The α-amylase activity measured during the course of incubation was evaluated as % from the initial activity in the same solution but without the IL and was assigned relative (residual) activity.
UV/VIS and fluorescence spectrophotometric measurements
The α-amylase enzyme incubated in the IL/salt aqueous solutions was characterized by UV-absorbance and fluorescence emission. The UV-spectra were recorded on an UV/VIS spectrophotometer (UV-1600PC, VWR, Leuven, Belgium) and the fluorescence measurements were carried out on a spectrofluorimeter Shimadzu (Model DR-15, Japan). The samples for both analyses were prepared by 4 times dilution (in 0.100 mol dm −3 NaAc) of aliquots from the IL/salt solutions containing α-amylase. In order to overcome the interference from the IL, all the samples were measured vs. their analogously prepared blank (without the enzyme) samples. , which is ca. 80.2% (w/v), while the NaAc-concentration was varied from 0 to 0.828 mol dm −3 , the later being the limit of NaAc solubility in the solution. After that, the same amount of the α-amylase enzyme was introduced in each IL/NaAc aqueous solution. The pH values of the solutions were as follows: 5.31 (0 mol dm −3 NaAc), 7.14 (0.050 mol dm −3 NaAc), 7.66 (0.200 mol dm −3 NaAc), 7.89 (0.675 mol dm −3 NaAc), and 8.29 (0.828 mol dm −3 NaAc). The solutions were stirred for 2 h at 360 rpm and afterwards they were stored at room temperature. Aliquots were withdrawn therefrom during the course of time and subjected to α-amylase activity assay.
Results about the relative activity are presented in Figure 1A and B. It is clearly seen that a trace amount of NaAc (0.050 mol dm −3 ) in the concentrated [C 4 C 1 im]Br aqueous solution has a huge effect on the preservation of fully active α-amylase for 2-day grace period ( Figure 1A ). In the absence of NaAc, the enzyme was totally deactivated for the same period. The increase in the NaAc concentration to 0.200 mol dm −3 enlarges twice the grace period of full activity, for more than 4 days. At high NaAc concentrations, 0.675 and 0.828 mol dm −3 , however, an opposite effect is observed ( Figure 1B) . Table 1 represents data about the periods of relative activity above 90% and above the half activity interpolated from the kinetics' dependences. The shortening of the time of activity preservation in the more concentrated NaAc solutions could be explained in terms of reduced water activity (the water available to the enzyme).
Water is a key component of the nonconventional (predominantly nonaqueous) biocatalytic media [22] . Most biocatalysts need a certain amount of water even though the quantity required could seem surprisingly small [23] . This water is directly bound to the enzyme molecule. The water present in a solution could hydrate the other compounds but without contributing to the biocatalyst's activity. Obviously, with increasing NaAc quantity, more water molecules become involved in the salt solubilization and less free water remains to hydrate the enzyme. As a result, the activity decreases. This hypothesis is afterwards worked out.
Kinetics of activity of α-amylase incubated in aqueous solutions of [C 4 C 1 im]Br and other salts
In addition to NaAc (0.828 mol dm , the later borders the biphasic region of the aqueous system [C 4 C 1 im]Br/K 2 HPO 4 [24, 25] . Then the α-amylase was added. The pH values of these aqueous solutions were 8.12 and 9.75, respectively. The three salts, NaAc, Na 2 HPO 4 , and K 2 HPO 4 , are commonly used to buffer the α-amylase solutions to desired pH values and normally could not negatively affect the catalytic activity. It is seen in Figure 2 that under limited hydration, both the IL and the salt strip the essential water from the biomolecule and its catalytic function is disturbed. In terms of inactivation, the system of the strongest kosmotrope (K 2 HPO 4 ) is comparable to the solution without salt addition regardless of the mechanism of inactivation which is different, dehydration by the salt or formation of complex with the IL.
First-order kinetics model is widely used in the literature to investigate the enzyme deactivation [26] , including by ILs [27] . The fast α-amylase inactivation in the highly salted IL solutions (Figure 2 ) was found to approach the first-order kinetics behavior (model resolution is presented as Supplemental Figure S1 ). Under the most severe (anhydrous) conditions in the system of K 2 HPO 4 , the kinetics of the α-amylase deactivation perfectly obeys the model. The case of "no salt" system, however, is not so simple because the inactivation curve seems biphasic, i.e. a rapid inactivation is followed by a decelerated decay. Such biphasic behavior is a relatively common phenomenon in enzymatic inactivation kinetics [28] and is observed in cross-linked or immobilized enzymes. According to Lencki et al. [28] the slow decay is most likely due to irreversible aggregation and coagulation reactions. Regarding the present α-amylase system, such irreversible interactions could be attributed to the precipitation that was observed to occur in the samples of the IL aqueous solution without salt addition (as discussed below). It can be concluded that a microenvironment which provides the enzyme with an appropriate water hydration and acetate concentration, could serve as a shield for the α-amylase from being exposed to a rapid inactivation by the IL, and as a result the grace period is substantially enlarged.
Potassium acetate was also tested for comparison with sodium and the best long-term protection from inactivation (the longest grace period) was obtained. In addition, incubation in [C 4 C 1 im]Br/KBr aqueous solution, which contains anions of the same type, was carried out. All solutions contained same IL and salt (NaAc, KAc, or KBr) concentrations, 3.660 and 0.200 mol dm −3 , respectively. The pH values of the Ac solutions were also equal, 7.66 (NaAc) and 7.68 (KAc). The pH of KBr system was 5.58. The results about the residual activity monitored during a month of incubation are shown in Figure 3 . The periods of time for activity conservation above 90% and 50% are compared in Table 2 . The change of sodium with potassium extends 3 times the time of full activity. The activity was retained above 90% for 2 weeks, and the half of activity remained in the end of a month. For the same period, the activity of the α-amylase dissolved in a regular (without IL) aqueous solution could be only stored under sterility as it fed easily the microbial growth. KBr, which matches the α-amylase enzyme in the ordinary aqueous solutions [20, 22] , here did not protect the enzyme from being rapidly inactivated by the IL. A plausible explanation is discussed below.
Towards an understanding of the effect of the acetate salt on the α-amylase activity preservation in aqueous solutions of [C 4 C 1 im]Br
The UV-spectroscopy is an effective and simple tool to explore the structural change in protein molecules [29] .
The UV-spectra of IL systems containing α-amylase of different degrees of activity are shown in Figure 4A and B and the respective profiles in the regular (without IL) solutions are also presented for comparison. The interactions of the IL with the enzyme reflect on the UV-spectrum which is altered in the near-visible wavelength range ( Figure 4A ) due to the suspended precipitates that can be seen in the sample. Precipitation was also observed in the sample of the inactivated solution of IL/KBr. A compact α-amylase conformation was revealed in the sample of IL/0.200 mol dm −3 KAc with 90% activity (2-week incubation) where no precipitation was observed ( Figure 4B ). The profile remained almost unchanged in a month of incubation except for the very slightly higher absorption in the near-visible range. The inactivation in the salty system of [C 4 C 1 im]Br/NaAc (0.828 mol dm −3 ) is obviously caused by complete unfolding of the enzyme.
When protein unfolds a loosened conformation is developed where more chromophores become exposed to interactions with the solvent and as a result the absorbance increases [29] , as observed in Figure 4B .
The alteration in the biomolecule's conformation is thought to be responsible for the activity loss. Tertiary structural change of a protein chain induced by molecules could be detected by measuring the fluorescence spectra [29] . Most of the intrinsic fluorescence emissions from a folded protein are due to the excitation of Trp residues, which are sensitive to the microenvironment surrounding the fluorophores [30] α-amylase incubated in the aqueous solution of IL and in the IL/KAc was monitored and compared with the intensity in the absence of IL ( Figure 5 ). A substantial reduction in the fluorescence emitted from the excited Trp fluorophores was observed, as expected, in the IL solution, where suspended precipitates were noticed and a rapid deactivation was measured. However, quenching was also observed in the sample of the active α-amylase. There was a negligible difference between the spectra of the fully active α-amylase (IL/KAc, 4th hour) and the α-amylase with half activity (IL/KAc, 30th day). This means that regarding the α-amylase enzyme, the Trp fluorescence quenching is not necessarily accompanied by an activity loss, as elsewhere stated [12] . In future, in order to unravel the arrangement around the enzyme, diverse spectrometric studies must be carried out, which should consider the groups involved in the substrate binding sites on the α-amylase surface, such as histidine residues, as well as the groups of the active site [31, 32] .
The results obtained show that the acetate anion acts as preventer for the α-amylase enzyme from being rapidly inactivated by the imidazolium cation of the IL. An important interaction must be considered to understand this effect. It is found that the Ac anion is able to accept a proton from C2-H on the imidazolium cation to generate a carbene, a highly energetic intermediate [33, 34] . This interaction might be involved in the mechanism of prevention from inactivation. In the presence of KBr, which is not capable of forming carbenes with [C 4 C 1 im]Br, a rapid inactivation was measured (see Figure 3 ) and precipitates were clearly seen in the samples, similar to the solution without salt. No precipitation was noticed in the samples of [C 4 C 1 im]Br/KAc during the long-term incubation. The acetate protects the α-amylase from being salted-out and precipitated by the IL.
Apart from physical methods applied to investigate the enzyme deactivation by the IL, an alternative methodology relies on the enzyme kinetic approach. By measuring the rate of the starch hydrolysis at different substrate concentrations in the presence of IL and acetate, the interaction between enzyme-IL/acetate or (enzyme-substrate)-IL/acetate could be deduced, as it has been recently shown in the case of cellulase and [C 4 C 1 im]Cl [27] . This constitutes a platform for a further work.
Conclusions
The activity of the α-amylase enzyme incubated in aqueous solutions with high concentration of [C 4 C 1 im] Br (80.2% w/v) was studied. Hitherto, a complete deactivation of the α-amylase by the same IL has been only reported in the literature. Here, it was shown that a small addition of acetate salt in the concentrated IL solution could substantially improve the preservation of the enzyme so that its activity could be saved for a long grace period. Best results were obtained by the addition of potassium acetate, 0.200 mol dm −3 . More than 90% of the α-amylase activity was retained in the 2-week incubation, and a half activity remained at the end of a month. When it was added in higher concentrations, the salt competed with the α-amylase for the free water available in the solutions and due to the limited hydration, the enzyme activity decreased. Suspended precipitates were observed in the samples of the IL aqueous solution without salt addition, which implies that the IL-enzyme interactions cause the inactivation, and change the native UV-and fluorescence spectra. No precipitation was noticed in the samples containing acetate salts during the long-term incubation of the α-amylase. Regardless of the fluorescence quenching, the enzyme activity could be fully restored. The effect of the acetate salt on the preservation of the α-amylase from inactivation by the IL for a grace period is probably related to the ability of the acetate anion to interact with the imidazolium cation and to form a stable carbene. In the presence of potassium bromide, which does not interact with the [C 4 C 1 im]Br, precipitation and fast inactivation of the α-amylase were observed.
α-Amylase is the primary enzyme involved in the starch degradation. The finding about the preservation effect of the acetate salt on the amylolytic activity in the concentrated IL solutions could support the utilization of the starchy wastes derived from extractions by ILs, for example lipid extracted alga which contain readily assimilable starch [35] .
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